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Advances in neonatal medicine have led to increased survival of infants born at the limits of viability, resulting in an increased incidence of bronchopulmonary dysplasia (BPD). BPD is a chronic lung disease of premature infants characterized by the arrest of alveolarization, fibroblast activation, and inflammation. BPD leads to significant morbidity and mortality in the neonatal period and is one of the leading causes of chronic lung disease in children. The past decade has brought a surge of trials investigating cellular therapies for the treatment of pulmonary diseases. Mesenchymal stem cells (MSCs) are of particular interest because of their ease of isolation, low immunogenicity, and antiinflammatory and reparative properties. Clinical trials of MSCs have demonstrated short-term safety and tolerability; however, studies have also shown populations of MSCs with adverse pro-inflammatory and myofibroblastic characteristics. Cell-based therapies may represent the next breakthrough therapy for the treatment of BPD, however, there remain barriers to implementation as well as gaps in knowledge of the role of endogenous MSCs in the pathogenesis of BPD. Concurrent high-quality basic science, translational, and clinical studies investigating the fundamental pathophysiology underlying BPD, therapeutic mechanisms of exogenous MSCs, and logistics of translating cellular therapies will be important areas of future research.
A dvances in neonatal medicine have resulted in increased survival of infants born at the limits of viability and fostered a trend toward resuscitation of infants born at earlier gestational ages-in some centers as early as 22-weeks gestation. Due to the extreme immaturity of lung development at these early gestations, respiratory sequelae remain a significant cause of mortality and long-term morbidity. Bronchopulmonary dysplasia (BPD), a chronic lung disease of premature infants, was originally described in 1967 as a fibrotic lung injury resulting from prolonged mechanical ventilation and oxygen exposure (1) . Over the past several decades, discovery of surfactant, implementation of gentle ventilation strategies, and effective non-invasive ventilation devices have resulted in a reduction of prolonged mechanical ventilation and oxygen exposure. Despite these advances, the incidence of BPD has continued to rise due to the emergence of a "new BPD". This "new BPD" is characterized by tissue simplification and arrest of alveolarization rather than the fibrosis and inflammation associated with the "old BPD" (2, 3) .
Of infants born between 22-and 27-weeks gestation, 45% develop BPD, accounting for 410,000 new cases in the United States each year (4) . Investigation of targeted therapies such as caffeine, vitamin A, anti-inflammatories, and steroids has shown either minimal treatment effect or clinical use has been limited by significant side effects (5) . With increased survival of infants at the limits of viability and the incidence of BPD on the rise, the search for innovative therapies for BPD has become an area of heightened interest.
Emerging research in the field of stem cell biology has generated enthusiasm that stem cells may prove to be the next breakthrough therapy for BPD. It is known that mesenchymal induction is critical to alveolarization, and that mesenchymal stem (stromal) cells (MSCs) play a key role in lung growth and repair (6) . There is extensive pre-clinical evidence that exogenously administered MSCs ameliorate lung injury in experimental BPD models (7) (8) (9) (10) (11) and early clinical trials in human neonates are currently underway (12, 13) . However, while some studies have shown growth and antiinflammatory properties, other studies have shown paradoxical adverse pro-inflammatory and myofibroblastic characteristics (14) . This review will focus on pre-clinical and clinical research that has contributed to current knowledge of the role of MSCs in lung disease as well as an overview of clinical trials investigating the use of therapeutic MSCs for neonatal, pediatric, and adult pulmonary diseases, with a focus on BPD.
MESENCHYMAL STEM CELLS
MSCs are multipotent progenitor cells that reside within all tissues in the body (15) . This cell population plays a critical role in directing developmental programing and cell response to tissue injury (6) . MSCs are defined by three criteria including (i) adherence to plastic in cell culture dish, (ii) expression of MSC-defining cell surface markers including CD73, CD90, and CD105, and (iii) tri-lineage potential 1 including ability to differentiate into osteocytes, adipocytes, and chondrocytes (16) .
Determining how and where exogenously administered MSCs work has been the focus of considerable research. Despite initial results suggesting exogenous MSCs function through engraftment, subsequent findings have shown that exogenous MSCs are likely functioning through paracrine signaling. Data from animal models have identified few engrafted MSCs in recipient lungs, and administration of both MSCs as well as MSC-conditioned media has been shown to confer long-term improvement in lung function and architecture (17, 18) . Additionally, bronchoalveolar stem cells (BASCs), progenitor cells found in the distal lung epithelium, are found in greater numbers in the lungs of animals treated with MSCs (19) . These facts support the hypothesis that MSCs are promoting endogenous repair processes through paracrine signaling as opposed to replacing host MSCs (17, 20) . Although speculative, it is likely that native lung MSC biology is impacted by exogenously delivered MSCs, and an interesting question involves the mechanism by which this interaction may be occurring. Exogenous MSCs may directly interact with resident MSCs to alter their biology, or alternatively, paracrine signaling from exogenous MSCs may occur indirectly via cells of the distal lung epithelium and alveolar cellular constituents, which are in turn impacting native MSC biology.
It is proposed that the paracrine effect of MSCs is mediated through secretion of a variety of bioactive substances including signaling peptides (interleukin-6, interleukin-8, and vascular endothelial growth factor), extracellular matrix proteins (collagen and elastin), and exosomes (6, (21) (22) (23) . Exosomes are membrane-bound packages of cellular products including proteins, microRNAs, and mRNA species that are taken up by near-by cells and influence gene expression patterns and cellular biology (24) . Exosomes are increasingly recognized as important mediators of cell-to-cell communication. Target cells of MSC-derived exosomes include fibroblasts, MSCs, epithelial cells, and immune cells (24) . It is partially through this exosome-mediated mechanism that MSCs exert their anti-inflammatory effect in vitro (24, 25) .
The role of exosomes in the treatment of lung disease is an area of active pre-clinical study. In an animal model of chronic hypoxia, intravenous MSC-derived exosomes were shown to ameliorate pulmonary hypertension and right ventricular hypertrophy, suggesting that exosomes may have therapeutic potential in the prevention and repair of lung disease (26) . Additionally, preliminary findings from a study of intratracheally delivered MSCs vs. MSC-derived exosomes showed that exosomes were more effective than whole MSCs at improving lung compliance and survival in hyperoxiainduced lung disease in rats (27) .
These data on cell-free preparations raise interest in their potential clinical application for BPD prevention and treatment. Cell-free preparations have potential advantages over cell-based therapies including the ability to avoid theoretical complications of progenitor cell delivery.
Exosomes may also serve as mechanisms for intercellular delivery of molecular cargo with the potential to deliver pharmaceutical products in an efficient manner (28) . Despite these apparent advantages, significant knowledge gaps exist and additional pre-clinical data are required before transitioning to clinical trials.
LUNG-RESIDENT MESENCHYMAL STEM CELLS
While MSCs play a key role in growth and repair, several studies indicate that under certain conditions, MSCs may contribute to the pathogenesis of pulmonary disease (29) . Lung-resident MSCs (L-MSCs) play a critical role in alveolarization through conduct of the tightly regulated processes of alveolar septation and vascularization (30) . Disruption of this process leads to simplified alveolar architecture and abnormal pulmonary vasculature contributing to pulmonary hypertension-a key feature of "new BPD" (3). L-MSCs also play an important role in directing injuryrepair responses in the lung. L-MSCs have a dichotomous response potential including normal healing on the one hand and a fibrotic response on the other ( Figure 1 ); when this balance is disrupted during injury repair, fibrotic lung disease results (6) . The multi-lineage potential of MSCs and the multi-faceted role of these cells during development and wound healing necessitates a robust and intricate molecular signaling network to direct the function of these cells to carry out the appropriate function under the appropriate circumstances. Much work has been done to unravel these pathways during human development and many key signaling compounds are now better understood. It is well established that signaling via transforming growth factor-beta (TGF-β), platelet-derived growth factor (PDGF), fibroblast growth factor (FGF), and Wnt/beta-catenin pathways, among others, are important in determining the cellular phenotype of MSCs (31) (32) (33) (34) . In preterm infants, isolation of L-MSCs from tracheal aspirates (35) and elevated levels of TGF-β in blood and tracheal aspirates (36, 37) were correlated with later development of BPD. It has also been shown that L-MSCs from neonatal tracheal aspirates compared to cord-bloodderived MSCs exhibited altered levels of expression for multiple genes involved in development, growth factors, extracellular matrix, inflammatory mediators, and lipid metabolism (38) . In addition, these L-MSCs acquired a myofibroblastic phenotype in response to TGF-β1, a response that was not seen in bone marrow-derived MSCs (BM-MSCs), highlighting the distinct properties of MSCs from differing sources (32) . Evidence suggesting that MSCs exist in at least two different phenotypes, one of which has the capacity to promote inflammation and fibrosis (23) , raises concern for potential transformation of exogenously administered MSCs to a detrimental phenotype. Thus, a better understanding of this heterogeneity and the microenvironmental stimuli that promote divergent phenotypes is important as this technology transitions from the bench to the bedside.
OPTIMAL ROUTE, DOSE, AND TIMING Pre-clinical and clinical studies have focused on the optimal route, dosing, and timing for MSC delivery. In animal models of BPD, MSCs have been delivered systemically (intravenous (IV) or intraperitoneal (IP)) as well as intratracheal (IT). In a pre-clinical study of hyperoxia-induced lung injury in neonatal rats, comparison of systemic vs. IT MSC administration found that IT administration was more efficacious at reversing lung injury at a four-fold lower dose of MSCs (7) . The ability to achieve equal efficacy with lower required cell numbers makes IT administration an attractive route of administration moving into the clinical realm.
In addition to understanding the route of administration, the dose of cells is an important preclinical question as well. Multiple studies have investigated the efficacy of IT MSC delivery for BPD, and these have typically included doses of 10 5 cells per rat administered anywhere from P3 to P10 (7, (9) (10) (11) 17) . Direct comparison of doses of 5 × 10 3 , 5 × 10 4 , and 5 × 10 5 cells per rat administered on P5 in the hyperoxiainduced lung injury model have been performed, with a dosedependent effect on lung architecture, survival, inflammatory makers, and collagen production, with 5 × 10 5 cells/rat being the most efficacious dose (11) . Note that with P5 rats weighing on the order of 10 g, this dose is on the order of 10 7 cells/kg. As discussed in detail later in this review, clinical studies in humans investigating the appropriate dose of IT MSCs for treatment of BPD are limited to a phase I dose escalation trial that included doses of 1 × 10 7 and 2 × 10 7 cells/ kg. Both doses appeared to be safe without increased shortterm or long-term adverse events (12, 13) .
Finally, optimal timing of treatment is another important question that preclinical studies have sought to answer. Our own group investigated the optimal timing of MSC delivery in a murine model of bronchiolitis obliterans following bone (64) . Under certain environmental stimuli, some populations of MSCs transform into divergent phenotypes (6) . Toll-like receptormarrow transplant. This study showed similar improvements in inflammation, lung mechanics, and histology with both early (2 weeks post transplant) and late (4 weeks post transplant) administration of IT MSCs (39) . Conversely, a rat hyperoxia model of BPD found that early, but not late, administration of MSCs was efficacious suggesting that there may be a critical window during the pathogenesis of BPD within which MSC administration must occur for optimal effect (10).
WHAT CAN WE LEARN FROM CLINICAL TRIALS OF MSCs FOR ADULT LUNG DISEASES?
The past decade has brought a surge of clinical trials investigating the safety and efficacy of MSCs for adult diseases including pulmonary diseases, myocardial infarction, stroke, spinal cord injury, and graft-vs.-host disease. A metaanalysis published in 2012 sought to systematically evaluate the safety of this rapidly emerging new therapy (40) . Evaluation of 36 clinical trials found no association of MSC therapy with significant adverse events, nor malignant transformation. Transient fever was the most commonly reported mild side effect of MSC infusion. One study reported an acute infusional hypersensitivity reaction in a single subject, however this was attributed to dimethylsulfoxide in the MSC preparation (41) . The authors of this review cautiously concluded that IV MSC therapy appeared to be well-tolerated and safe in the short-term, however, ongoing follow-up of these subjects would be necessary before conclusions regarding long-term safety could be made. Following the reassuring results of these early studies, the number of clinical trials utilizing MSC therapy has continued to increase. Currently, a query of "mesenchymal stem cell" on clinicaltrials.gov yields 745 results (42). Forty trials are specific to investigating MSCs in the treatment of adult and pediatric pulmonary diseases ( Table 1) .
To date, there are published outcomes from five completed phase 1 trials investigating the safety of MSCs for adult pulmonary diseases (43) (44) (45) (46) (47) . In combination, these trials have studied 101 patients with chronic obstructive pulmonary disease (COPD)/emphysema, acute respiratory distress syndrome (ARDS), and idiopathic pulmonary fibrosis (IPF). Administered cell dose ranged from 1 × 10 6 to 1 × 10 7 cells/kg delivered intravenously as a single dose or as many as four repeated doses 1-4 weeks apart. No serious acute adverse events attributed to MSC therapy were reported in any of the studies. Though not powered to detect differences in outcomes between the groups, one study showed that patients with COPD and an elevated C-reactive protein (CRP) at baseline had a significant reduction in CRP level following MSC treatment (43) . To address the concern for pro-fibrotic and tumorigenic potential of MSCs, two studies performed chest computerized tomography (CT) scans at either 3 and 6 months or 1 year post-MSC treatment (44, 48) . No fibrosis or tumor formation was noted on CT in the MSC-treated groups in either of these studies. In addition, one study evaluated histology and gene expression changes in lung tissue in patients treated with MSCs by performing lung volume reduction surgery before and after MSC therapy in patients with bilateral upper lobe emphysema (44) . This study showed no evidence of increased fibrosis in the MSC-treated lung tissue, nor upregulation of pro-fibrotic genes. MSCtreated lung tissue did show a significant increase in endothelial and T-cell markers, which may suggest improved angiogenesis, growth, and repair in response to MSC therapy. (12) . Nine premature infants were recruited. Inclusion criteria included: gestational age between 23 and 29 weeks, birth weight 500-1,250 g, and need for ventilator support at 5-14 days of age without respiratory improvement over the previous 24 h. Infants with severe congenital anomalies, pulmonary hypoplasia, sepsis, or grade 3 or 4 intraventricular hemorrhage were excluded. The first three infants were given a single IT dose of 10 million cells/kg between 7 and 14 days of age. As no immediate adverse events were noted, the remaining six infants were given 20 million cells/kg/dose. Infants were closely monitored for adverse events for 84 days following MSC transplantation including death, anaphylactic shock, and serious adverse events (SAEs) defined by the Consolidated Standards of Reporting Trials (49) . The investigators also assessed inflammatory markers and growth factors present in tracheal aspirate samples before and after transplantation as well as longer-term outcomes such as incidence and severity of BPD. In this study, IT administration of MSCs appeared to be well tolerated without short-term complications or adverse events. The authors also report a significant reduction in inflammatory markers IL-6, IL-8, TNF-α, and TGF-β on day 7 post transplantation compared to pre-transplant levels. In the absence of a control group, however, it is difficult to attribute this to MSC therapy vs. natural progression of disease. Of the nine infants transplanted, three went on to develop moderate BPD. Compared to a historical comparison group, this was a significant reduction in BPD. This should be interpreted with caution, however, given the small sample size and limitations of a historical control (of note, the incidence of BPD in their control group was 72%-much higher than expected based on population data (4)).
NEONATAL CLINICAL TRIALS OF MSCs FOR BPD
Subjects of this phase I trial were followed up at regular intervals for 2 years post transplant to evaluate the long-term safety of IT MSC therapy, as well as long-term effects on growth, respiratory symptoms, and neurodevelopmental outcomes (13) . One infant from the initial treatment group died at 6 months of age secondary to Enterobacter cloacae sepsis, which was deemed unrelated to prior treatment with MSCs. Of the eight remaining infants in the treatment group, none were discharged home with supplemental oxygen (compared to 22% in the historical control group) and chest X-rays obtained between 18 and 24 months corrected gestational age (50) . Decreased need for supplemental oxygen at discharge compared to historical controls is encouraging that IT MSCs may be an effective therapy for BPD, however larger studies are needed to provide more evidence of the safety and efficacy of this therapy. The investigators of this study are currently recruiting for a randomized, double-blind, placebo-controlled phase II study with long-term follow-up (51, 52) . In this phase II study, a single IT dose of 1 × 10 7 cells/kg will be administered to premature infants at risk for BPD between 7 and 14 days of age. Subjects will be followed up to 5 years of age with a target recruitment of 70 subjects.
Multiple additional trials investigating the use of MSCs for BPD are ongoing in the United States, Spain, and China. The first US study is a phase I/II dose escalation trial of allogenic umbilical cord-derived MSCs (53) with similar criteria and outcomes to the Korean trial. Twelve neonates with a mean gestational age of 24.9 weeks and mean birth weight of 676 g have been recruited for this study. Infants received a single IT dose of either 1 × 10 7 or 2 × 10 7 cells/kg at 10.6 ± 2.9 days of life. Results of this study have not yet been published, however preliminary reports indicate that MSC administration was well-tolerated without short-term cardio-respiratory compromise. There were no deaths or SAEs directly attributable to MSC treatment, however there was one late death of a study subject at 116 days secondary to pulmonary hypertension and pulmonary hypoplasia (54) . A phase I study in Spain will be investigating the safety of three serial doses (5 million cells/ kg/dose) of IT MSCs (55). They are not yet recruiting, but plan to study 10 infants o28 weeks gestation and o1,250 g requiring mechanical ventilation and FiO 2 40.3 at 14 days of age. They plan to follow infant outcomes for 2 years with specific interest in the incidence and severity of BPD and pulmonary hypertension. In China, the safety of IT MSCs will be investigated as a rescue therapy for infants o6 months of age with established, severe BPD (56) . A single dose of 3 million cells/kg will be administered intratracheally. Cytokine levels in bronchoalveolar lavage fluid, chest radiographs, and clinical outcomes will be followed. Target recruitment is 10 subjects; however, recruitment status is currently unknown and no results have been published to date.
BARRIERS TO MSC THERAPY FOR CLINICAL USE
Even if clinical trials of MSCs for BPD prove successful, there remain significant challenges to translating this therapy into clinical use. One primary factor complicating the selection of MSCs for transplant is the heterogeneity of MSC populations (57) . MSCs have variable phenotypes-and thus differing effectiveness-depending on the donor and tissue type from which they are harvested. MSCs derived from gestational tissue (umbilical cord blood, Wharton's jelly, and placenta) have been found to be less antigenic, have higher proliferative capacity, and have stronger paracrine potency when compared to bone marrow-derived MSCs (58) . Interestingly, MSCs derived from females secrete more anti-inflammatory and pro-angiogenic factors compared to MSCs derived from males, and in animal models, MSCs derived from females exhibited greater efficacy in reducing neonatal hyperoxiainduced lung disease compared to MSCs derived from males (59) .
Another hurdle to overcome is the logistical challenge of large-scale production of MSCs for transplant. Commercial preparation of MSCs relies on extensive ex vivo expansion and cryopreservation to produce large quantities of readily available cells. Ex vivo growth of MSCs is limited by senescence (16), however, and heavily expanded MSCs may be less effective due to the high percentage of senescent cells. Cryopreservation is also known to impair the immunomodulatory properties of MSCs (60) . This may explain why clinical trials investigating the use of MSCs for graft vs. host disease showed better survival outcomes with the use of early passage MSCs compared to commercial, heavily expanded, cryopreserved MSCs (61, 62) .
For cell-free preparations, as for MSCs themselves, there remains the issue of defining the most efficacious progenitor cell population from which to derive these products (20) . For exosomes/extracellular vesicles, there remains a need to define uniform definitions and isolation parameters (i.e., size, surface markers, isolation procedure, and so on) to allow for consistent pre-clinical data generation across investigators (28, 63) . Finally, for both conditioned media and exosomes, pre-clinical dose and timing experiments are needed to define parameters that would be used in early phase clinical trials. For these reasons, cell-free preparations remain a pre-clinical technology, despite their great clinical potential.
CONCLUSIONS
Cell-based therapies may prove to be a breakthrough in the prevention and treatment of BPD. Optimism for pursuing additional clinical trials investigating MSCs in BPD is supported by extensive preclinical evidence as well as metaanalysis of MSC trials in older children and adults that show no evidence of adverse events or tumor formation up to 60 months post treatment (40) . However, there remain significant logistical barriers as well as gaps in knowledge of the role of endogenous MSCs in the dysregulated repair and pathogenesis of BPD. Thus, concurrent high-quality basic science, translational, and clinical studies investigating the fundamental pathophysiology underlying BPD, therapeutic mechanisms of exogenous MSCs, and logistical details of translating cellular therapies into clinical use will be important areas of future research.
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